Pulse oximetry sensors are commonly calibrated during empirical volunteer studies, which includes the drawing of arterial blood samples and CO-oximetry as a reference. In contrast to other medical devices delivering physiological measurement values, there are no guidelines requiring regular metrological controls for pulse oximeters. The main reason for this is the lack of an adequate procedure for such controls, since volunteer studies are obviously not applicable for this purpose. This work presents an approach to this problem, based on the direct modulation of the pulse oximetry probe's light signals by a digital micromirror array. The probe's light was decomposed into its spectral components and the spectrum was imaged to the surface of the micromirror array. The amount of reflected light was controlled by the position of the micromirrors, thus allowing the spectral modulation of light signals. This spectral modulation was additionally varied over time to generate physiological photoplethysmographic signal forms. Finally the modulated light was re-emitted to the pulse oximetry probe. This study shows that the pulse oximeter accepted the artificially modulated light signals and displayed a heart beat rate accordingly to the generated signals. The pulse oximeter displayed SpO 2 values, which could be altered by changing the modulation ratio of the red and the infrared spectral components.
Introduction
Pulse oximetry (PO) is a fundamental part of patient monitoring during emergency care, surgery, intensive and postoperative care, and it is generally required as part of basic monitoring during anesthesia [1, 2] . It delivers information about the relative arterial oxygen content (oxygenation, SpO 2 ) by measuring the amount of light that passes through the patient's tissue (e.g. fingertip or earlobe) at different wavelengths (red and infrared). The sensor calibration is performed by controlled desaturation studies with volunteers [3] . During the desaturation study the oxygen content in the inspiratory air is decreased to reduce the subject's oxygenation while arterial blood samples are drawn and analyzed with laboratory CO-oximeters as a reference. The sensor's raw output signal is recorded during the desaturation and eventually correlated to the reference values. These studies require high safety standards, such as continuous monitoring of the subject's cardiopulmonary state, highly trained staff and expensive laboratory equipment as reference. These requirements make this method not applicable for standardized regular metrological controls of pulse oximetry probes, as required for other medical devices delivering measurement data (e.g. non-invasive blood pressure, body temperature, intraocular pressure [4] ). The lack of guidelines for checking the accuracy of PO probes in clinical routine leads to a variety of different testing procedures ranging from no accuracy checks at all to self developed test protocols -including evaluation of the spectral sensor output [5] . This work describes a setup that directly modulates the PO probe's light signals and feeds the modulated light signals back to the PO probe.
Methods
The setup used for the direct spectral modulation of the pulse oximetry probe light is shown in Figure 1 . It is based on an approach of Hornberger et al. [6] and can be separated into functional subunits which will be described in the following sections.
PO probe and monitor
To test the possibility of direct PO light modulation a conventional disposable probe (M1133A, Philips) in combination with a monitor (N-395, Nellcor) was used. Choosing a disposable sensor allowed mechanical flexibility by giving easy access to the LEDs for probe light collection and photo detectors for the re-emission of the modulated light signals.
Figure 1
Optical setup for direct spectral modulation of pulse oximetry probe light with a micromirror array
PO probe light collection
The light emitted from the probe was collected by a focussing lens (f 1 = 19 mm) and a light guiding fibre (LOT-Oriel, core diameter  = 1 mm) and coupled into a setup similar to a conventional spectrometer for the spectral decomposition.
Spectral decomposition
To decompose the PO probe light into its spectral components, the light coming from the collecting fibre was imaged to the plane of an adjustable slit by two lenses (f 2 = 20 mm, f 3 = 30 mm). An optical filter (OG 515, Schott) allowed only wavelengths above λ min = 515 nm to pass, reducing influences of higher diffraction orders. Behind the slit a lens (f 4 = 40 mm) was positioned at its focal distance to the slit, thus collimating the light. The collimated beam passed a transmittive diffraction grating (λ center = 600 nm, g = 600 l/mm, Wasatch Photonics), decomposing the light into its spectral components. An additional lens (f 5 = 30 mm) focused the decomposed light (i.e. the spectrum) onto the surface of the micromirror array where it could be reflected into different directions.
Spectral and temporal light modulation and micromirror array control
The micromirror array, also referred to as digital micromirror device or DMD (V4100 DLP® Board, ViALUX, see Figure 2 ) comprises of 1,024 x 768 mirrors, each having an edge length of 13.6 µm. Each mirror can be tilted along its diagonal axis by 12° separately (ON or OFF position) [7] . Figure 3 illustrates the spectral modulation concept by the micromirror array. By imaging the spectrum onto the micromirror array surface, each array column is covered by a certain spectral range. Depending on the ratio of ON/OFF states along one column, the intensity of the reflected light from this column into the ON or OFF direction can be controlled and hence modulated spectrally. The light reflected into the ON direction is gathered by a second optical fibre.
Figure 2
Front view on micromirror array: The chip is housed in an aluminium case for mounting. A small section of mirrors is set to ON (indicated by the red arrow) which can be seen as a stripe in the array surface.
Figure 3 Spectral modulation with a micromirror array:
Light is spectrally decomposed and the spectrum is imaged onto the DMD surface; Ratio of ON/OFF-mirrors defines amount of reflected light, which can be controlled for each wavelength; The partially reflected light is recollected by an optical fibre.
The micromirror array was controlled by a custom software (based on C#, Microsoft Visual Studio 2010).
The maximum full frame rate of the micromirror array is 22,727 Hz [7] , which allows the generation of photoplethysmographic signal forms with sufficient temporal resolution. For this work a synthetic signal was based on an original physiological photoplethysmogram. Using a signal period of τ Pleth = 0.62 s (sampling rate f Pleth = 100 Hz), gave a heart beat rate of HR = 97 min -1 . The signal shape could be modified by two parameters. Changing the scaling factor permitted the adjustment of the maximum intensity, while adjustments of the modulation depth set the minimum signal intensity. The signal and its modification factors are shown in Figure 4 . During the experiments these factors were adjusted to provoke a response of the PO monitor. 
Figure 4 Temporal signal waveforms and modification parameters
Since pulse oximetry is based on the different absorption of hemoglobin at different wavelengths, it was also possible to set different modulation depths for different spectral ranges.
Recollection and -emission of modulated light
The modulated light reflected from the micromirror array in ON-direction was collected by a second optical fibre. To improve the coupling efficiency a combination of two cylindrical lenses (f cyl 1 = 10 mm, f cyl 2 = 40 mm), rotated by 90° to each other, was used. Eventually the light was re-emitted to the PO probe's photodiode directly from the bare fibre end.
Spectrometric measurements
To determine the spectral bandwidth (i.e. the spectral range being covered and for which a spectral modulation can be achieved) the setup was illuminated by an incandescent tungsten halogen lamp (AvaLight-HAL, Avantes) with a continuous emission spectrum in the VIS/NIR range, instead of the PO probe. This spectrum was divided by the spectrum measured directly from the tungsten halogen lamp giving the relative transmission spectrum. The spectra were measured with an imaging spectrograph (Shamrock SR303i, Andor Technology) with a VIS/NIR grating (λ blaze = 800 nm, g = 300 l/mm, Andor Technology) and a Si-CCD-detector (DU420-BR-DD, 1,024 x 265 pixels, Andor Technology). For the measurements the end of the second fiber (i.e. recollection and -emission fiber) was coupled directly to the spectrograph and the detector was cooled down to T = -45 °C with an implemented Peltier element to reduce the dark current.
Results
The spectral bandwidth of the described setup ranged from approximately 500 nm to 950 nm, which is sufficient for the majority of commercial PO probes. Figure 5 shows the relative transmission spectrum of the setup in arbitrary units. 
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Figure 5 Spectral bandwidth of the described setup being illuminated with a continuous tungsten halogen spectrum
The optical throughput was only determined qualitatively for the proof of principle. When the PO probe light was modulated in a pulsating manner with a plethysmographic waveform, the PO monitor accepted the light and displayed a corresponding heartbeat rate correctly, consequently showing that the optical throughput was sufficient. By varying the ratio between the modulation depth of the red and the infrared light emitted from the PO probe, the displayed SpO 2 value changed accordingly and could be set to levels between 55 % and 100 %.
Conclusion
This study shows that the direct modulation of PO probe light signals with a simple spectroscopic setup and a micromirror array can be performed successfully. The spectral flexibility is an advantage over the majority of conventional PO testers or simulators that usually rely on active light sources with fixed wavelengths. It allows the spectral and temporal modulation of the PO probe's light signals in an easy way by controlling the states of the micromirrors. Yet the optical characteristics, like spectral transfer function and total throughput must be determined in detail. So far, the area of the micromirror array being illuminated by the spectrum is only approximately 30 % of the total height. Hence only 30 % of the theoretical total dynamic range for the modulation depth can be achieved. This must be improved by modifications of the setup's imaging properties. The synthetic plethysmographic signal used in the experiments was only sampled at f Pleth = 100 Hz. Faster sampling and the use of "real" photoplethysmograms will be part of the future work.
Additionally the described system will require spectral transmission data from real desaturation studies to be replayed for the later calibration and metrological controls of PO sensors. To detect and record such data an appropriate system is currently under development.
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